Introduction {#s1}
============

The epidermal growth factor receptor (EGFR/ErbB1), a member of the ErbB family of receptor tyrosine kinases, is amplified or over-active in many types of epithelial cancers, including pancreatic cancer, breast cancer, brain cancer, non-small cell lung cancer, colorectal cancer, breast and head and neck squamous-cell carcinoma [@pone.0049702-Pines1], [@pone.0049702-Takeuchi1], [@pone.0049702-Wheeler1]. Aberrant EGFR signaling in cancer is involved in increased tumor cell proliferation and growth rates, anchorage independent growth and metastasis formation [@pone.0049702-Wheeler1]. Due to its role in cancer cell progression and survival, several anti-cancer therapies target EGFR [@pone.0049702-Pines1], [@pone.0049702-Johnston1] have been approved by the FDA. Anti-EGFR therapies can be classified into two general types: tyrosine kinase inhibitors (TKIs), such as gefitinib and erlotinib, which inhibit the kinase domain and monoclonal antibodies which inhibit the extracellular ligand-binding domain, such as cetuximab. The anti-EGFR therapies have displayed promising activity in the clinic in certain cancer types; however, there are issues with intrinsic and acquired resistance [@pone.0049702-Pines1], [@pone.0049702-Takeuchi1]. For instance, colorectal tumors and lung tumors, which exhibit mutations in KRAS, are much more likely to be resistant to cetuximab [@pone.0049702-Wheeler1], [@pone.0049702-DeRoock1] and to gefitinib and erlotinib [@pone.0049702-Vakiani1], [@pone.0049702-Linardou1], respectively. In an example of acquired drug resistance in lung cancer, chronic gefitinib treatment leads to tumors which express a mutant form of EGFR, which has reduced affinity for the drug [@pone.0049702-Wheeler1], [@pone.0049702-Pao1], [@pone.0049702-Kobayashi1]. Given the multiplicity of the resistance mechanisms to EGFR therapies, new approaches to targeting EGFR are important to cancer drug discovery.

We propose that the juxtamembrane (JXM) domain of EGFR is a new region that could serve as a drug target. Recent studies have shown that the JXM domain of EGFR is critical for intrinsic tyrosine kinase activity [@pone.0049702-Aifa1], [@pone.0049702-MacdonaldObermann1], [@pone.0049702-Thiel1]. In the presence of the JXM domain, EGFR kinase activity is 70-fold higher compared to the intracellular domain alone [@pone.0049702-Jura1]. Also, the JXM domain mediates the allosteric regulation of EGF binding EGFR [@pone.0049702-MacdonaldObermann1] and the interaction of EGFR with phosphatidylinositol 4,5-biphosphate and Ca^++^/calmodulin at the membrane [@pone.0049702-MartinNieto1], [@pone.0049702-McLaughlin1], [@pone.0049702-Michailidis1], [@pone.0049702-Sato1]. The recently reported structure of the full intracellular domain of EGFR showed [@pone.0049702-RedBrewer1] that the JXM region makes two major areas of contact in the active, asymmetrical dimer [@pone.0049702-Burgess1]. The structurally distinct EGFR JXM regions are called the JMA and JMB regions. The JMB region creates a "latch" by hooking over onto the kinase domain of the opposite monomer. Two helical JMA segments, one from each monomer, interact with one another in an anti-parallel manner, forming a helical dimer [@pone.0049702-Jura1].

If the interactions of the JXM region of EGFR could be mimicked by peptides encoding the JXM amino acid sequence, then these peptides could potentially interfere with EGFR signaling which is often related to cell survival and proliferation. In support of this hypothesis, two previous studies have shown that ErbB signaling was inhibited with peptides derived from the transmembrane domain [@pone.0049702-Bennasroune1], [@pone.0049702-Lofts1]. One study showed that ErbB transmembrane receptor fragments could mitigate receptor signaling through dimerization inhibition [@pone.0049702-Bennasroune1]. Another study showed that ErbB2 transmembrane peptides or short proteins prevented receptor dimerization and inhibited function and slowed growth of transformed cells, colonies and tumors [@pone.0049702-Lofts1]. These studies suggest that novel methods of inhibiting ErbB receptors may exist and should be exploited as cancer therapies. Hence, we hypothesized that peptides encoding the EGFR JXM region could have anti-cancer activity.

We assayed peptides from the JXM region for anti-cancer properties and for their ability to modulate EGFR signaling. One peptide from the JMA region, which we designated as TE-64562, displayed anti-cancer activity in human cancer cells from different tissues and in a MDA-MB-231 breast cancer xenograft model. TE-64562 induced activation of stress signaling (JNK and p38) which resulted in multiple modes of cell death. EGFR plays a role in cellular stress signaling which has been associated with its down-regulation [@pone.0049702-Zwang1], [@pone.0049702-Adachi1] and has been shown to induce both non-apoptotic and apoptotic cell death in cardiomyocytes [@pone.0049702-Watanabe1]. TE-64562 bound to EGFR at the JXM region, inhibited its dimerization, caused its down-regulation and prolonged its phosphorylation. TE-64562 inhibited downstream EGFR signaling at Erk and Akt in MDA-MB-231 cells and *in vivo*, in tumors upon intraperitoneal administration. Taken together, these results indicate that the juxtamembrane domain of EGFR is a viable drug target for several cancers.

Results {#s2}
=======

Design of EGFR JXM Region Peptides and Assessment of Activity in Cell Viability Assay {#s2a}
-------------------------------------------------------------------------------------

In order to test both regions [@pone.0049702-Jura1], [@pone.0049702-RedBrewer1] of the EGFR JXM domain (JMA and JMB), we designed peptides encoding the EGFR JMA region (645--662) and the JMB region (663--682). We tested the activity in a cell viability assay in MDA-MB-231 cells, which express a high level of EGFR [@pone.0049702-deFazio1]. Since peptides often require a carrier for cellular entry, we conjugated the JMA and JMB sequences to the human immunodeficiency virus (HIV) transactivator of transcription (Tat) sequence (HIV Tat 49--58, [Table 1](#pone-0049702-t001){ref-type="table"}), a known cargo carrier of proteins/peptides across the cellular membrane [@pone.0049702-Console1]. The Tat-conjugated 645--662 peptide (TE-64562) displayed an EC~50~ of 12.6±2.3 µM in a cell viability assay of serum starved MDA-MB-231 cells ([Table 1](#pone-0049702-t001){ref-type="table"} and [Fig. 1A](#pone-0049702-g001){ref-type="fig"}), which was reduced in the presence of serum ([Fig. 1A](#pone-0049702-g001){ref-type="fig"} and [S2](#pone.0049702.s002){ref-type="supplementary-material"}). The 645--662 peptide (without Tat; E-64562) and the Tat-conjugated JMB peptide (TE-64582) did not display any activity up to 200 µM ([Table 1](#pone-0049702-t001){ref-type="table"} and [Fig. 1A](#pone-0049702-g001){ref-type="fig"}). Control peptides were generated with the Tat sequence alone (Tat), the EGFR JMA sequence with the positive charged amino acids maintained and alanines inserted at all other positions (T-poly-Ala), and the EGFR JMA sequence with charged amino acids switched to amino acids with opposite charge (T-control) ([Table 1](#pone-0049702-t001){ref-type="table"}). These control peptides did not have any effect on the viability of MDA-MB-231 cells ([Table 1](#pone-0049702-t001){ref-type="table"}). Of the peptides tested, the TE-64562 peptide displayed the most robust activity at reducing cell viability of MDA-MB-231 breast cancer cells and was therefore further characterized.

![Fluorescent confocal microscopy and activity of EGFR juxtamembrane peptides and control peptides in MDA-MB-231 cells.\
(**A**) The Tat-conjugated EGFR JMA peptide (TE-64562) was added to the MDA-MB-231 cells, in 2.5% serum (gray triangles) or serum free media (black squares). The non-Tat-conjugated EGFR JMA peptide (E-645-662, diamonds), the Tat peptide (Tat, black circles) or Tat-conjugated EGFR JMB peptide (TE-66482, black inverted triangles) were added to the MDA-MB-231 cells in serum free media. The cell viability, measured after overnight treatment, is plotted. The plot represents one of three independent experiments, run in triplicate. Error bars represent standard error of the mean of triplicate values from one experiment. (**B--D**) Peptides were N-terminally labeled with 5-carboxyfluorescein (FAM). (**B**) MDA-MB-231 cells were treated with FAM-TE-64562 (1.25 µM) for the indicated amounts of time. Scale bar = 15 µm. (**C**) Cells were treated overnight with FAM-TE-64562 (5.0 µM), FAM-645-662 (5.0 µM), FAM-Tat (2.5 µM) or FAM-664-682 (5.0 µM) and imaged the following day. Scale bars are 40 µm. Also see [Figure S1](#pone.0049702.s001){ref-type="supplementary-material"}.](pone.0049702.g001){#pone-0049702-g001}

10.1371/journal.pone.0049702.t001

###### Activity of EGFR juxtamembrane peptides in viability assay of MDA-MB-231 cells.

![](pone.0049702.t001){#pone-0049702-t001-1}

  Name                     Sequence            EC~50~± S.D.[a](#nt101){ref-type="table-fn"}(µM)
  -------------- ---------------------------- --------------------------------------------------
  Tat                     RKKRRQRRRG                                \>100
  E-64562             RRRHIVRKRTLRRLLQER                            \>100
  **TE-64562**    **Tat-RRRHIVRKRTLRRLLQER**                     **12.6±2.3**
  TE-66482          Tat-VEPLTPSGEAPNQALLRI                          \>100
  T-poly-Ala        Tat-RRRHAARKRAARRLLAAR                          \>100
  T-control         Tat-EERARVEERALEELRIEE                          \>100

Values are shown with standard deviation values (S.D.) from at least three independent experiments.

Cellular Entry Kinetics of EGFR JXM Peptides in MDA-MB-231 Cells {#s2b}
----------------------------------------------------------------

To establish whether Tat-conjugation was necessary for cellular entry, the Tat, TE-64562, E-64562 and TE-66482 peptides were N-terminally labeled with 5-carboxyfluorescein (FAM) and monitored using live-cell fluorescent confocal microscopy in MDA-MB-231 cells ([Fig. 1B, 1C](#pone-0049702-g001){ref-type="fig"} and [Fig. S1](#pone.0049702.s001){ref-type="supplementary-material"}). The TE-64562 peptide (2.5 µM) entered cells after approximately 10 minutes, initially accumulated at the membrane and then became distributed throughout the cell while maintaining some membrane localization ([Fig. 1B](#pone-0049702-g001){ref-type="fig"}). Cells treated with the FAM-conjugated E-64562 peptide (without Tat) did not display any fluorescence within the interior of the cell when monitored up to overnight incubation ([Fig. 1C](#pone-0049702-g001){ref-type="fig"}). Therefore, Tat-conjugation is necessary to facilitate cellular entry of the 645--662 JMA sequence. MDA-MB-231 cells treated with the FAM-conjugated Tat peptide or the FAM-labeled TE-66482 peptide did not display any fluorescence within the interior of the cell when monitored up to 90 minutes ([Fig. S1](#pone.0049702.s001){ref-type="supplementary-material"}) or after overnight incubation ([Fig. 1C](#pone-0049702-g001){ref-type="fig"}).

The TE-64562 Peptide Inhibits Viability of Human Cancer Cell Lines from Different Tissues {#s2c}
-----------------------------------------------------------------------------------------

In order to assess whether the activity of TE-64562 varied according to cancer/tissue type and ErbB levels, the cell viability assay was performed on a panel of cancer cell lines. The EC~50~ value of the peptide ranged from 6 to 56 µM, depending on the cancer cell type, relative ErbB levels or the presence of serum ([Fig. 2A](#pone-0049702-g002){ref-type="fig"} and [S2A](#pone.0049702.s002){ref-type="supplementary-material"}).

![Effect of Tat-645-662 on cell viability and colony growth of various human cancer and normal cell lines.\
(**A--B**) The indicated cell line was plated overnight, then serum starved overnight and treated with TE-64562 for 24 hours. For the HMEC and MDA-MB-231 cells were treated in HMEC media. Representative dose response curves are shown from one experiment run in triplicate with error bars representing the standard error of the mean. In the legend, the mean EC~50~ values (± standard deviation from two to three independent experiments) derived from the nonlinear fit of dose response curves are shown (generated and fitted in Prism 5.0 GraphPad Software, Inc., USA). Also see [Figure S2](#pone.0049702.s002){ref-type="supplementary-material"}. (**C**) MDA-MB-231 (breast), A-549 (non-small cell lung), DLD-1 (colo-rectal) MIA-PaCa-2 (pancreatic) and SK-N-MC (neuroepithelioma, EGFR-null) cells were grown in soft agar containing 5% serum alone or treated with Tat peptide (20 µM) or Tat-645-62 peptide (10 or 20 µM) and allowed to grow for 2 weeks with addition of medium or medium containing peptide every 2 days. Means of the counts of four or more plates from at least two independent experiments are plotted. The significantly difference between the mean counts (\*P\<0.04) for TE-64562 treatment was assessed by comparison to untreated control.](pone.0049702.g002){#pone-0049702-g002}

The cell lines which respond to TE-64562 treatment in the cell viability assay (EC~50~ value of 6.1 to 12.6 µM), have medium to high expression of EGFR and/or ErbB2 [@pone.0049702-deFazio1], [@pone.0049702-Rusnak1]. Two cancer cell lines which were more resistant to TE-64562 treatment (EC~50~ value\>30 µM) expressed high ErbB3 (BT-474, Hep-G2). Specifically, the breast cancer line BT-474 (EC~50~ 56.4±13.8 µM, [Fig. 2A](#pone-0049702-g002){ref-type="fig"}) expresses high levels of ErbB3 and ErbB2 and exhibits ligand-independent ErbB3 activation [@pone.0049702-deFazio1], [@pone.0049702-Schoeberl1]. The hepatocarcinoma line Hep-G2 (EC~50~ 40.3±22.2 µM, [Fig. 2A](#pone-0049702-g002){ref-type="fig"}) expresses a high level of ErbB3 [@pone.0049702-Janmaat1]. We confirmed the ErbB expression levels reported in the literature for the resistant cell lines. The ErbB expression levels are plotted relative to expression in MDA-MB-231 cells ([Fig. S2B](#pone.0049702.s002){ref-type="supplementary-material"}).

Two cell lines were tested which lack EGFR expression. The Ewing sarcoma SK-N-MC line is not an EGFR driven cancer since it lacks EGFR expression ([Fig. S2B](#pone.0049702.s002){ref-type="supplementary-material"}) [@pone.0049702-Aifa1]. It also lacks ErbB3 expression, but has relatively low ErbB2 expression and some ErbB4 expression ([Fig. S2B](#pone.0049702.s002){ref-type="supplementary-material"}) [@pone.0049702-Aifa1], [@pone.0049702-Schaefer1], [@pone.0049702-Verneris1]. The SK-N-MC cell line was fairly resistant to TE-64562 treatment (EC~50~ 32.7±3.5 µM, [Fig. 2A](#pone-0049702-g002){ref-type="fig"}). An example of another EGFR-null cell line with no response to TE-64562 treatment is the NR6 cell line, which displayed an EC~50~ value 104.2±9.0 µM. NR6 cells are an EGFR null clone of NIH/3T3 fibroblasts, which do not express any ErbB2, ErbB3 or ErbB4 [@pone.0049702-Pruss1], [@pone.0049702-Wang1]. The FAM-conjugated TE-64562 peptide entered SK-NM-C and NR6 cells within approximately 15 minutes of peptide addition ([Fig. S1D and S1E](#pone.0049702.s001){ref-type="supplementary-material"}), hence the lack of effect is not due to cell impermeability.

In order to test for specificity of TE-64562 for cancer tissue over normal tissue, the activity of TE-64562 was tested in several non-cancerous breast lines (human mammary epithelial cell, HMEC) and compared to the EC~50~ in MDA-MB-231 cells in HMEC media. The peptide showed an EC~50~ value of 38.4±6.1 µM for the HMEC line compared with 7.4±1.9 µM in MDA-MB-231 breast cancer cells ([Fig. 2B](#pone-0049702-g002){ref-type="fig"}). The HMEC media contains growth factors and other nutrients that serum-free media lacks, this may cause the EC~50~ of TE-64562 in MDA-MB-231 in HMEC media (7.4±1.9 µM, see [Material and Methods](#s4){ref-type="sec"} for HMEC media formulation) to differ from the EC~50~ in serum-free media (12.6±2.3 µM). Similarly, normal lung fibroblasts (IMR-90) were very resistant to TE-64562 treatment (EC~50~ 174±54 µM) compared to TE-64562 activity in non-small lung cancer cells (A-549, EC~50~ 6.1±0.9) ([Fig. 2B](#pone-0049702-g002){ref-type="fig"}). Notably, the IMR-90 line expressed EGFR ([Fig. S2B](#pone.0049702.s002){ref-type="supplementary-material"}). The decrease in activity of TE-64562 in normal breast and lung cells (HMEC and IMR-90, respectively) compared to breast and lung cancer cells (MDA-MB-231 and A-549, respectively) is indicative of relative selective effects in cancer cells as compared to normal cells.

The TE-64562 Peptide Inhibited Colony Formation in Soft Agar {#s2d}
------------------------------------------------------------

In order to determine the effect of the TE-64562 peptide on 3-dimensional cell growth, colony formation in soft agar in the presence or absence of TE-64562 was examined in several cell lines. We chose to test cell lines from different tissues and the ErbB-independent SK-N-MC cell line as a negative control. Colony formation of MDA-MB-231 (breast), A-549 (lung), DLD-1 (colorectal) and MIA-PaCa-2 (pancreatic) cells was reduced by approximately 50% with 20 µM TE-64562 treatment ([Fig. 2C](#pone-0049702-g002){ref-type="fig"}). There was not a significant effect on colony growth with 10 µM TE-64562 treatment. TE-64562 treatment had no effect on the formation of SK-N-MC colonies ([Fig. 2C](#pone-0049702-g002){ref-type="fig"}).

The TE-64562 Peptide Induces Non-apoptotic Cell Death After Several Hours and Apoptosis with Overnight Treatment in MDA-MB-231 Cells {#s2e}
------------------------------------------------------------------------------------------------------------------------------------

We observed that short-term treatment (30 minutes) of MDA-MB-231 cells with TE-64562 caused a visible, morphological change at concentrations ≥10 µM ([Fig. S3A](#pone.0049702.s003){ref-type="supplementary-material"}). To determine whether the observed effects correlated with a change in cell viability, MDA-MB-231 cells were assayed after 0.5, 1, 3 and 24 hours treatment with TE-64562. There was a significant, dose-dependent reduction in cell viability at the 0.5, 1 and 3 hour timepoints, which does not change from 0.5 to 3 hours treatment ([Fig. 3A](#pone-0049702-g003){ref-type="fig"}), but further decreases (by ∼25%) after 24 hours treatment (comparison to EC~50~ value, [Fig. 2A](#pone-0049702-g002){ref-type="fig"}). This short-term reduction in cell viability was greatly diminished in the ErbB-independent SK-N-MC cell line ([Fig. 3B](#pone-0049702-g003){ref-type="fig"}), indicating that the presence of EGFR is necessary for the early effect on cell viability.

![TE-64562 treatment causes early non-apoptotic cell death and induces apoptosis after longer treatment.\
Serum starved (**A**) MDA-MB-231 cells or (**B**) SK-N-MC cells were treated overnight with 5, 10 or 20 µM of TE-64562 for 0.5, 1 or 3 hours and assayed for cell viability. Data were averaged from three independent experiments and plotted with the error bars representing the standard deviation from the mean. Significant differences were assessed between each treatment condition and untreated control (\*P\<0.05 from a two-tailed unpaired t test). (**C**) MDA-MB-231 breast cancer cells were serum starved overnight then treated with 0 (control), 6 or 12 µM TE-64562 for 18 hours. Cells were stained with Annexin-V and propidium iodide (PI) and the mean results from four independent experiments are plotted. Unstained cells represent viable cells; total Annexin V staining (Anx-V) is the sum of the Anx-V-stained and dually stained cells which are undergoing apoptosis or are fully apoptotic or necrotic; and Anx-V only stained cells are undergoing apoptosis. Significant differences were assessed between each treatment condition and untreated control (\*P = 0.028; \*\*P = 0.008; \*\*\*P = 0.004). (**D**) Serum starved MDA-MB-231 cells were treated with 0 (control), 3, 6 or 12 µM TE-64562 for 18 hours. Cells were lysed, analyzed by Western blot and probed for the presence of cleaved caspase-3. Numbers below the blot images represent the quantifications of each band normalized to the respective control. The blot is representative of two independent experiments. All error bars represent standard error of the mean. Also see [Figure S3](#pone.0049702.s003){ref-type="supplementary-material"}.](pone.0049702.g003){#pone-0049702-g003}

In order to assess whether the reduction in viability caused by TE-64562 after overnight treatment was due to apoptotic cell death, MDA-MB-231 cells were treated and stained with FITC-Annexin V and propidium iodide (PI). Annexin V staining ([Fig. 3C](#pone-0049702-g003){ref-type="fig"} and [S3B](#pone.0049702.s003){ref-type="supplementary-material"}) and caspase-3 activation ([Fig. 3D](#pone-0049702-g003){ref-type="fig"}) were both increased in a dose-dependent manner. Compared to control, Annexin V staining increased 1.7- or 2.4-fold on average with a 6 or 12 µM dose of TE-64562, respectively. The total Annexin V staining (including dual staining with PI) increased 1.9- and 3.2-fold on average, with 6 or 12 µM treatment with TE-64562, respectively ([Fig. 3C](#pone-0049702-g003){ref-type="fig"}). These results indicate that with 24 hours treatment, TE-64562 induces apoptosis.

The TE-64562 Peptide Stalls MDA-MB-231 Xenograft Tumor Growth in Nude Mice {#s2f}
--------------------------------------------------------------------------

In order to evaluate whether the anti-cancer properties of TE-64562 were translatable to anti-tumor activity *in vivo*, MDA-MB-231 xenograft tumors were grown in the subcutaneous flank region of nude mice which were treated bi-weekly with the TE-64562 peptide Tat peptide or vehicle. The MDA-MB-231 cell line was chosen because there was a robust response to TE-64562 in reduction of cell viability and it is tumorigenic. TE-64562 treatment was administered intraperitoneally at 40 mg/kg (7 µmol/kg) and compared to treatment with a molar equivalent amount of the Tat peptide (20 mg/kg, 7 µmol/kg) or vehicle (saline). On average, tumor growth trend was slowed by 15--20% relative to controls 10 to 17 days after treatment initiation and several tumors regressed after 4 weeks of treatment ([Fig. 4A](#pone-0049702-g004){ref-type="fig"} and [S4A](#pone.0049702.s004){ref-type="supplementary-material"}). The TE-64562 treated tumors had notably, but not statistically significant, more dead tissue compared to controls ([Fig. S4C](#pone.0049702.s004){ref-type="supplementary-material"}). As represented in the Kaplan-Meier survival plot ([Fig. 4B](#pone-0049702-g004){ref-type="fig"}), mice treated with TE-64562 survived significantly longer than Tat-treated or vehicle-treated control mice, according to the endpoints defined by tumor-size cutoff and body conditioning scoring. The median survival of TE-64562-treated mice was significantly longer (31 days, log-rank Mantel-Cox test P≤0.023) than the median survival of Tat- and saline-treated mice (26 and 24 days, respectively, [Fig. 4B](#pone-0049702-g004){ref-type="fig"}, inset). Similar results were found in a separate study with the same treatment regiment with subcutaneous administration, proximal to the tumor ([Fig. S4B](#pone.0049702.s004){ref-type="supplementary-material"}).

![TE-64562 inhibits tumor growth in MDA-MB-231 xenograft tumors and increases survival with no observed toxicity.\
(**A--C**) MDA-MB-231 xenograft tumors were grown in the subcutaneous flank region of nude mice which were treated bi-weekly with the TE-64562 peptide (40 mg/kg; 7 µmol/kg), Tat-peptide (20 mg/kg; 7 µmol/kg) or vehicle (saline), intraperitoneally. (**A**) The mean tumor size (± standard error of the mean) is plotted over time. The asterisks (\*P≤0.0325) indicate that the mean size of the TE-64562 treated tumors is statistically different from the saline- and Tat-treated tumor sizes at that time point. (**B**) The number of mice within endpoints, as defined by tumor size cutoff, tumor ulceration and body conditioning scoring, at each time point are plotted as a Kaplan and Meier survival curve. (**B**, inset) The median survival, the number of days at which the fraction of mice within endpoints is equal to 50%, is plotted for each treatment group. The survival curves for the Tat and Saline groups were compared to the survival curve for the TE-64562 group and the P value was derived using the log-rank (Mantel-Cox) test. The asterisks (\*) designate a significant difference with the indicated P values. (**C**) The mean body weight (± standard error of the mean) for each treatment group is plotted over time. (**D**) After 35 days of dosing, organs were collected and fixed. Representative H&E stained sections from liver, kidney and spleen are shown for each treatment group. Results are representative of two independent studies. Also see [Figure S4](#pone.0049702.s004){ref-type="supplementary-material"}.](pone.0049702.g004){#pone-0049702-g004}

Toxicity was assessed by monitoring body weight of the mice over the course of the study and histological analysis of organs at the end of 5 weeks of treatment. No significant difference in body weight between the three groups was observed ([Fig. 4C](#pone-0049702-g004){ref-type="fig"}). No differences between the treatment groups were observed upon histological examination of post-treatment liver, spleen and kidney samples ([Fig. 4D](#pone-0049702-g004){ref-type="fig"}). Hence, although the early cell death is observed in experiments *in vitro*, TE-64562 does not show any significant non-selective toxicity *in vivo*.

The TE-64562 Peptide Binds to EGFR and Inhibits Dimerization {#s2g}
------------------------------------------------------------

To test whether the cellular activity of TE-64562 was driven by an interaction with EGFR, a binding assay was performed using biotinylated peptides and streptavidin beads in SK-N-MC cells (exhibit no endogenous EGFR expression) transfected with various EGFR constructs. We hypothesized that if the TE-64562 peptide mimics the structural role of the EGFR JMA domain, then the peptide would bind to EGFR at the JXM region. To test whether the JXM region was essential for binding, cells were transfected with the intracellular domain (ICD) of EGFR (645--1186), the ICD of EGFR lacking the JMA domain (ΔJMA) or the ICD of EGFR lacking the entire JXM (ΔJM) region. The biotinylated TE-64562 peptide bound to the ICD of EGFR at 0.5 µM ([Fig. 5A](#pone-0049702-g005){ref-type="fig"}, lane 4) but not at 0.1 µM ([Fig. 5A](#pone-0049702-g005){ref-type="fig"}, lane 3), whereas the biotinylated Tat peptide did not show any binding ([Fig. 5A](#pone-0049702-g005){ref-type="fig"}, lane 2). The binding was reduced when the JMA domain (ΔJMA) or the entire JXM domain (ΔJM) was lacking ([Fig. 5A](#pone-0049702-g005){ref-type="fig"}, lanes 5 and 6, respectively), indicating that the region of EGFR that TE-64562 binds is within the JXM domain.

![TE-64562 interacts with EGFR and inhibits dimerization.\
(**A**) SK-N-MC cells were transfected with the intracellular domain (ICD) of EGFR (645--1186) or the ICD of EGFR lacking the entire JXM region (ΔJM) or the JMA region (ΔJMA). Biotinylated peptides at a concentration of 0.1 µM (+) or 0.5 µM (++) were incubated with SK-N-MC cells for 2 hours and precipitated from cellular lysates with streptavidin-coated beads. The resulting bead-precipitates were analyzed by Western blot for the presence of the EGFR constructs. Results are representative of three independent experiments. (**B**) Streptavidin beads were pre-bound with biotinylated peptides and incubated with transfected SK-N-MC lysates. The non-biotinylated version of TE-64562 was added to compete for binding in lanes 3 and 4. The resulting bead-precipitates and lysates were analyzed by Western blot for the presence of the EGFR constructs. Results are representative of two independent experiments. (**C**) Serum starved MDA-MB-231 cells were treated with TE-64562 (12.5 and 25.0 µM), an EGFR specific tyrosine kinase inhibitor (TKI, 1.0 µM), Tat (25.0 µM) or vehicle for 30 minutes, followed by EGF treatment (25 ng/mL) for 10 minutes. Cellular proteins were cross-linked using bis(sulfosuccinimidyl) suberate (BS3), cells were lysed and lysates analyzed by Western blot for EGFR. The quantification of the dimer band is shown. The EGFR dimer band 25.0 µM TE-64562 was not detectable (N.D.). Results are representative of three independent experiments.](pone.0049702.g005){#pone-0049702-g005}

In a reverse experiment, the biotinylated peptides were attached to streptavidin beads and incubated with SK-N-MC lysates, expressing the ICD or ΔJM constructs. The TE-64562 peptide bound to the ICD of EGFR ([Fig. 2B](#pone-0049702-g002){ref-type="fig"}, lane 2) and not the EGFR construct lacking the JXM domain (ΔJM; [Fig. 5B](#pone-0049702-g005){ref-type="fig"}, lane 6). The non-biotinylated version of TE-64562 was incubated with the bead-lysate mixture to compete for the binding of the biotinylated peptide. The binding of EGFR ICD to the peptide-conjugated beads was diminished with 3 and 10 µM competing peptide ([Fig. 5B](#pone-0049702-g005){ref-type="fig"}, lanes 3 and 4, respectively). The small amount of EGFR bound with 10 µM of the competing, non-biotinylated peptide was most likely due to oligomerization of the free peptide with the streptavidin-bound peptide, which baits EGFR. The Tat peptide bound weakly to the EGFR ICD ([Fig. 5B](#pone-0049702-g005){ref-type="fig"}, lane 5). Overall, these results indicate that TE-64562 reversibly binds to EGFR at the JXM domain.

In order to test whether treatment with TE-64562 effects dimerization of EGFR, MDA-MB-231 cells were treated with increasing amounts of TE-64562, Tat or TKI for 30 minutes followed by EGF. Proteins were cross-linked and analyzed by Western blot for the presence of an EGFR dimer band. Dimerization of EGFR was decreased by TE-64562 treatment at 12.5 µM ([Fig. 5C](#pone-0049702-g005){ref-type="fig"}). Treatment with 25 µM TE-64562 was fairly toxic to the cells and caused a reduction in the loading control (Stat3), indicating a substantial effect on cell viability. Although, the level of total EGFR is affected by TE-64562 treatment, the dimer:monomer ratio is also decreased with TE-64562 treatment.

TE-64562 Reduces Total and Phospho-EGFR Levels and Prolongs EGFR Phosphorylation {#s2h}
--------------------------------------------------------------------------------

In order to test whether the peptide has an effect on EGFR levels, MDA-MB-231 cells were treated with EGF for two minutes followed by treatment with 10 µM TE-64562 for 5, 10, 30, 60 and 180 minutes, then analyzed for the presence of EGFR. By 30 minutes, EGFR levels were significantly decreased by almost 50% compared to untreated control ([Fig. 6A](#pone-0049702-g006){ref-type="fig"}) and the EGFR remained diminished for up to 3 hours. In order to test whether the peptide has a dose-dependent effect on EGFR levels even without ligand occupancy, MDA-MB-231 cells were treated with increasing concentrations of TE-64562 for 30 minutes, followed by EGF treatment for 10 minutes and analyzed for the presence of EGFR. At TE-64562 concentrations of 5 µM and higher, a significant reduction in EGFR levels was observed ([Fig. 6B](#pone-0049702-g006){ref-type="fig"}).

![TE-64562 causes EGFR down-regulation and prolongs EGFR phosphorylation.\
(**A**) Serum starved MDA-MB-231 cells were treated with EGF for 2 minutes followed by TE-64562 (10 µM) treatment for the indicated amounts of time. The intensity of the EGFR bands was quantified with respect to the intensity of the respective α-tubulin bands. Mean intensity values are plotted from two independent experiments and error bars represent the standard error of the mean. Significance was assessed by a two-tailed, unpaired t test (\*P\<0.026). (**B**) Serum starved MDA-MB-231 cells were treated with TE-64562 (2.5, 5.0, 10.0 and 20.0 µM), Tat (20 µM), an EGFR specific tyrosine kinase inhibitor (TKI, 2.0 µM) or vehicle for 30 minutes, followed by EGF treatment (10 ng/mL) for 10 minutes. Results are representative of three independent experiments. The intensity of the EGFR (N = 3 to 7, depending on concentration) or phospho-EGFR (N = 2) bands were quantified with respect to the intensity of the respective α-tubulin band. Mean intensity values are plotted from two (phospho) or three or more (total) independent experiments and error bars represent the standard error of the mean. Significant differences (Mann-Whitney test) were assessed between each treatment condition and untreated control (\*P\<0.03). (**C**) Serum starved MDA-MB-231 cells were treated with TE-64562 (5.0, 10.0 and 20.0 µM) or T-Poly-Ala control peptide (5.0, 10.0 and 20.0 µM) or vehicle for 30 minutes, followed by EGF treatment (10 ng/mL) for 10 minutes. Results represent one of three independent experiments. (**D**) Correlation plot of breast cancer data from The Cancer Genome Atlas. The normalized EGFR protein expression data from antibody array data was plotted for each individual in the study. Shown in red are the 320 individuals who showed a positive correlation between EGFR expression and phospho-EGFR Y1173 levels. Shown in blue are the 32 individuals who did not show a correlation. Plotting and linear regression were performed in Prism 5.0 (GraphPad Software, Inc., USA). (**E**) Serum starved MDA-MB-231 cells were treated with TE-64562 (10 µM) or vehicle for 30 minutes followed by EGF (10 ng/mL) for 5, 10, 30, 60 120 or 240 minutes. Cell lysates were collected and analyzed by Western blot for phospho-EGFR (Y1173) and EGFR. Blots were stripped and re-probed for α-tubulin. Also see [Figure S5](#pone.0049702.s005){ref-type="supplementary-material"}.](pone.0049702.g006){#pone-0049702-g006}

In order to test whether the peptide has a dose-dependent effect on EGFR phosphorylation levels, MDA-MB-231 cells were treated with increasing concentrations of TE-64562 for 30 minutes, followed by EGF treatment for 10 minutes and analyzed for the presence of phospho-EGFR at Y1173, a known auto-phosphorylation site. Using total EGFR levels as the baseline, the phosphorylation of EGFR at Y1173 is unaffected by the presence of TE-64562 ([Fig. 6B](#pone-0049702-g006){ref-type="fig"}). However, when normalized to α-tubulin, there is a decrease in the level of Y1173 phosphorylated EGFR ([Fig. 6B](#pone-0049702-g006){ref-type="fig"}). Other EGFR phosphorylation sites (Y992, Y1045, Y1068 and Y1086) were affected similarly by TE-64562 treatment ([Fig. S5](#pone.0049702.s005){ref-type="supplementary-material"}). This is reflective of a decrease in the levels of phosphorylated EGFR upon TE-64562 treatment. However, as total levels of EGFR also decrease, it is not reflective of inhibition of kinase activity. We have previously observed a similar phenomenon (in reverse) when levels of phospho-CaMKII increase as levels of total CaMKII increase due to acute translation during synaptic plasticity [@pone.0049702-Giovannini1]. To test the possibility that the effects on EGFR were due to the positively charged nature of TE-64562, the effect of the T-Poly-Ala peptide ([Table 1](#pone-0049702-t001){ref-type="table"}) on EGFR phosphorylation and levels was tested. The T-Poly-Ala peptide did not show any effect on EGFR phosphorylation or total EGFR levels ([Fig. 6C](#pone-0049702-g006){ref-type="fig"}).

As an indication of whether this phenomenon of simultaneously reducing total and phospho-levels is relevant for therapy, we looked for a correlation between phosphorylated and total EGFR levels in patient data in The Cancer Genome Atlas (TCGA). We hypothesized that if there is a positive correlation between phospho-EGFR and its total level, then effectively reducing both forms of the receptor should be as therapeutically effective as or more effective than inhibiting kinase activity. As shown in [Figure 6D](#pone-0049702-g006){ref-type="fig"}, there is a linear relationship between the total and phospho-EGFR across a majority (320) of patient samples and no relationship with a minor subset (32) of patient samples, where EGFR was expressed at higher than normal levels but phospho-EGFR levels were unchanged.

Although TE-64562 did not change EGFR kinase activity at a single timepoint, the effect TE-64562 treatment EGFR phosphorylation was tested as a function of time. MDA-MB-231 cells were pre-treated with TE-64562 for 30 minutes, followed by EGF treatment for increasing amounts of time ([Fig. 6E](#pone-0049702-g006){ref-type="fig"}). It was observed that EGFR remained phosphorylated at 60 minutes EGF treatment in the presence of TE-64562; whereas, without TE-64562 pre-treatment, the phosphorylation of EGFR at 60 minutes was reduced to nearly basal level.

TE-64562 Modulates Multiple EGFR Signaling Pathways {#s2i}
---------------------------------------------------

Treatment with TE-64562 did not reduce EGFR phosphorylation but prolonged it, downregulated total EGFR levels and inhibited EGFR dimerization. We hypothesized that the outcome of these effects may result in changes in downstream EGFR signaling. To assess this, Akt and MAPK signaling were examined in MDA-MB-231 cells. Akt and Erk phosphorylation were inhibited in a dose dependent manner ([Fig. 7A](#pone-0049702-g007){ref-type="fig"} and [S6](#pone.0049702.s006){ref-type="supplementary-material"}) and in MIA-PaCa-2 cells ([Fig. S6F](#pone.0049702.s006){ref-type="supplementary-material"}) treated with TE-64562. Erk phosphorylation significantly decreased with 10 and 20 µM TE-64562 treatment ([Fig. 7A](#pone-0049702-g007){ref-type="fig"}). Akt phosphorylation significantly decreased with 2.5, 5, 10 and 20 µM TE-64562 treatment ([Fig. 7A](#pone-0049702-g007){ref-type="fig"}). To ensure that the effect was not due to the positively charged nature of TE-64562, the effect of the T-Poly-Ala peptide on Erk and Akt phosphorylation was tested. Treatment with the T-Poly-Ala peptide did not show any effect on p-Erk or p-Akt levels, at concentrations where TE-64562 reduced Erk and Akt phosphorylation ([Fig. 7C](#pone-0049702-g007){ref-type="fig"}). From these results, we conclude that treatment with the TE-64562 peptide inhibits downstream EGFR signaling at Akt and Erk.

![TE-64562 effects downstream EGFR signaling.\
(**A**) Serum starved MDA-MB-231 cells were treated with TE-64562 (0.6, 1.2, 2.5 5.0 10 and 20 µM), an EGFR specific tyrosine kinase inhibitor (2.0 µM, TKI) or vehicle for 30 minutes, followed by EGF treatment (10 ng/mL) for 10 minutes. Cell lysates were collected and analyzed by Western blot for (**A**) phospho-Akt (S273), total Akt, phospho-Erk (p44/p42, T202/Y204) and total Erk. Blots were stripped and re-probed for α-tubulin. The Erk (N = 3) and Akt (N = 4) data from separate experiments, all of which are shown in [Figure S6](#pone.0049702.s006){ref-type="supplementary-material"}, were analyzed. The normalized (ratio of phospho to total intensity) data were plotted as mean values from with the error bars representing the standard error of the mean. The significant differences (\*P\<0.04) were assessed between each treatment condition and the EGF-treated control (lane 2). (**B**) Serum starved MDA-MB-231 cells were treated with TE-64562 (0.6, 1.2, 2.5 5.0 10 and 20 µM), an EGFR specific tyrosine kinase inhibitor (2.0 µM, TKI), Tat (20 µM) or vehicle for 30 minutes, followed by EGF treatment (10 ng/mL) for 10 minutes. Results represent one of three independent experiments. Also see [Fig. S6](#pone.0049702.s006){ref-type="supplementary-material"}. (**C**) Serum starved MDA-MB-231 cells were treated with TE-64562 (5.0, 10.0 and 20.0 µM) or T-Poly-Ala control peptide (5.0, 10.0 and 20.0 µM) or vehicle for 30 minutes, followed by EGF treatment (10 ng/mL) for 10 minutes. Results are representative of three independent experiments.](pone.0049702.g007){#pone-0049702-g007}

Since TE-64562 affected Erk signaling, we assessed whether there was an effect on any other MAPK signaling pathways by examining JNK and p38 signaling. The dose response data showed that TE-64562 induced JNK and p38 phosphorylation maximally at 10 and 20 µM, in the presence of EGF, in MDA-MB-231 cells ([Fig. 7B](#pone-0049702-g007){ref-type="fig"}) and MIA-PaCa-2 cells ([Fig. S3F](#pone.0049702.s003){ref-type="supplementary-material"}). Since activation of p38 and JNK is associated with stress signaling [@pone.0049702-Ronai1], the results indicate that TE-64562 may induce some cellular stress leading to cell death. This effect is specific to TE-64562, as the T-Poly-Ala control peptide did not stimulate JNK or p38 phosphorylation ([Fig. 7C](#pone-0049702-g007){ref-type="fig"}).

TE-64562 Treatment Inhibits Akt and Erk Signaling in MDA-MB-231 Xenograft Tumors {#s2j}
--------------------------------------------------------------------------------

MDA-MB-231 tumors in nude mice were allowed to grow to approximately 60 to 100 mm^3^ and mice were injected intraperitoneally with TE-64562 (40 mg/kg), Tat (20 mg/kg) or saline for 5 days. Tumors were removed 30 minutes after the last injection and analyzed. Frozen tumor sections were stained for phospho-Akt and phospho-Erk and a representative tumor section from each treatment group was imaged ([Fig. 8A and 8B](#pone-0049702-g008){ref-type="fig"}, respectively). The phospho-Akt and phospho-Erk staining is diminished in the TE-64562-treated tumors relative to Tat- and saline-treated control tumors. A cross-sectional tumor section was lysed and analyzed by Western blot for phospho-Erk. In five out of six mice, the phospho-Erk level was inhibited by TE-64562 treatment ([Fig. 8C](#pone-0049702-g008){ref-type="fig"}). Mouse tissue and blood showed a high amount of total Erk (p44) and a low amount of basal phospho-Erk. In order to compare the level of phospho-Erk to the human tissue, the phospho-signal was normalized to a human tissue marker (human mitochondria). Quantification of the Western blot data showed that phospho-Erk was significantly reduced in TE-64562-treated tumors compared to Tat- and saline-treated control tumors ([Fig. 8D](#pone-0049702-g008){ref-type="fig"}).

![TE-64562 treatment reduces Akt and Erk phosphorylation in MDA-MB-231 xenograft tumor tissue.\
(**A--B**) Nude mice bearing subcutaneous, MDA-MB-231 xenographic tumors were injected with the TE-64562 peptide (40 mg/kg; 7 µmol/kg), Tat-peptide (20 mg/kg; 7 µmol/kg) or vehicle (saline), intraperitoneally for four days, once per day. On the last day, the mice were injected 30 minutes prior to extracting the tumor. Frozen tumor sections were stained for (**A**) phospho-Akt (S473) or (**B**) phospho-Erk and counterstained with DAPI. Representative stained tumor sections are shown with the area in the box enlarged in the images below each section. Large scale bars = 500 µm and small scale bars = 50 µm. (**C**) A ∼1--2 mm cross-sectional slice of the tumor was lysed in RIPA buffer by sonication and the resulting lysates were analyzed by Western blot. Each lane represents a tumor from a different mouse. (**D**) Western blot data is quantified and plotted. Each treatment group was compared statistically (\*P≤0.0364). Error bars represent the standard error of the mean. Also see [Figure S6](#pone.0049702.s006){ref-type="supplementary-material"}.](pone.0049702.g008){#pone-0049702-g008}

Discussion {#s3}
==========

Recent studies have established the critical role of the JXM domain in the fully active conformation of EGFR [@pone.0049702-Aifa1], [@pone.0049702-MacdonaldObermann1], [@pone.0049702-Thiel1], [@pone.0049702-Jura1], [@pone.0049702-RedBrewer1]. This evidence lead to our hypothesis that a peptide derived from the JMA or JMB region would interfere with EGFR activity by mimicking its respective role in the full-length protein (latch formation or anti-parallel helical dimer). Through testing of various peptides, it was observed that Tat-conjugation was necessary for cell permeability of the JMA-region peptide, but did not allow for cell permeability of the JMB-region peptide ([Fig. 1](#pone-0049702-g001){ref-type="fig"} and [S1](#pone.0049702.s001){ref-type="supplementary-material"}). Moreover, TE-664-682 and Tat did not reduce the viability of MDA-MB-231 cells, while TE-64562 reduced the viability of these cells with an EC~50~ of 12.6 µM. Control peptides, including the T-Poly-Ala peptide which maintains the positively charged amino acids while substituting most amino acids with alanine, were shown to have greatly reduced activity against MDA-MB-231 cell viability. The JMA-region peptide, TE-64562, was further assayed in a panel of human cell lines from different tissues. Most cancer cell lines showed an EC~50~ in the range of 6 to 13 µM ([Fig. 2A](#pone-0049702-g002){ref-type="fig"}) and expressed some level of EGFR ([Fig. S2B](#pone.0049702.s002){ref-type="supplementary-material"}) [@pone.0049702-deFazio1], [@pone.0049702-Rusnak1]. The cell lines that had significantly higher EC~50~ values expressed either low EGFR with high ErbB3 (BT-474 and Hep-G2); no EGFR, low ErbB2 and high ErbB4 (SK-N-MC); no ErbB family expression (NR6) or were non-cancerous (HMEC and IMR-90) ([Fig. 2A, 2B](#pone-0049702-g002){ref-type="fig"} and [S2B](#pone.0049702.s002){ref-type="supplementary-material"}). From these results, we conclude that TE-64562 displayed relative selectivity of activity in cancer cell lines where EGFR is expressed and contributes to proliferation and survival.

TE-64562 displayed activity against growth in soft agar of several cancer cell lines which are EGFR positive (MDA-MB-231, A-549, DLD-1, MIA-PaCa-2) but no activity against growth of the EGFR-null SK-N-MC cell line ([Fig. 2C](#pone-0049702-g002){ref-type="fig"}). Furthermore, systemic administration of the TE-64562 peptide reduced growth of MDA-MB-231 tumors in mice and prolonged survival, without any gross toxicity or weight loss ([Fig. 4](#pone-0049702-g004){ref-type="fig"}). Taken together these observations indicate that TE-64562 can function as a selective anti-cancer drug for tumors that are EGFR positive.

The mechanism of action of TE-64562 was EGFR-selective, but complex. EGFR binding, EGFR levels, kinetics of phosphorylation and downstream signaling were assayed. It was determined that TE-64562 binds EGFR, inhibits dimerization and causes a down-regulation of EGFR. TE-64562 reduces the level of phosphorylated EGFR with respect to total cellular proteins, using α-tubulin as a surrogate. The peptide does not appear to have an effect on intrinsic kinase activity as the total EGFR levels decrease at a similar rate ([Fig. 5](#pone-0049702-g005){ref-type="fig"} and [6](#pone-0049702-g006){ref-type="fig"}). In order to assess whether the total reduction of EGFR levels (total and phosphorylated) could be a valid therapeutic mechanism, we assessed the protein expression levels of EGFR and phospho-EGFR in patient data from the TCGA. There was a strong correlation between the levels of the phosphorylated and total protein, indicating that reducing both simultaneously could be an effective therapeutic strategy ([Fig. 6D](#pone-0049702-g006){ref-type="fig"}). EGF-induced phosphorylation of EGFR was prolonged by 30 minutes with TE-64562 treatment ([Fig. 6E](#pone-0049702-g006){ref-type="fig"}). Taken together, these observations suggest that TE-64562 may reduce the unphosphorylated form of the receptor more effectively than the phosphorylated form, allowing for an apparent longer duration of kinase activity. Upon binding the unphosphorylated EGFR, TE-64562 may cause EGFR to assume an unnatural conformation that accelerates its internalization and degradation. Because TE-64562 inhibits Akt and Erk ([Fig. 7](#pone-0049702-g007){ref-type="fig"}), we assume that this unnatural EGFR conformation decreases its ability to signal downstream, even though phosphorylated receptor is present. Since EGFR plays a role in cellular stress signaling and EGFR clustering is associated with stress [@pone.0049702-Ronai1], [@pone.0049702-Rosette1], it is possible that the EGFR conformation induced by TE-64562 mimics the stress sensory mode of EGFR thereby activating p38 and JNK. This stress signaling can play a role in the short-term (occurring from 0.5 to 3 hours) non-apoptotic cell death induced by TE64562 treatment, as has been observed in cardiomyocytes [@pone.0049702-Watanabe1]. The biochemical mechanism of reducing Erk and Akt activation was shown to be functional in the tumors ([Fig. 8](#pone-0049702-g008){ref-type="fig"}). This suggests that the anti-tumorigenic effects involve the inhibitory effects of TE-64562 on downstream EGFR signaling.

In summary, the data indicate that a new approach to target EGFR in cancer is at the juxtamembrane region. The TE-64562 peptide could potentially serve as a therapeutic. Additionally, the peptide could be used as a probe in screens to find small molecules which mimic its effects. Further, we propose that modulating, rather than completely inhibiting enzyme activity or ligand-binding, EGFR activity is promising to overcome the mechanisms of resistance that are encountered by current EGFR therapies.

Materials and Methods {#s4}
=====================

Ethics Statement {#s4a}
----------------

All animal experiments adhered to a protocol approved by the Institutional Animal Care and Use Committee (IACUC) at the Mount Sinai School of Medicine and were performed according to the Office of Laboratory Animal Welfare (OLAW, National Institutes of Health) and Animal Welfare Act (AWA, United States Department of Agriculture) guidelines.

Materials {#s4b}
---------

All peptides were purchased from Genscript (Piscataway, NJ). The high performance liquid chromatography reports indicated at least 92% purity and the peptide masses were confirmed by mass spectrometry. Antibodies for phospho-Akt (S473), Akt, phospho-Erk, Erk, phospho-JNK, JNK, phospho-p38, p38 and EGFR were purchased from Cell Signaling Technology (Danvers, MA). The phospho-EGFR Y1173 antibody was purchased from Millipore. The human mitochondria antibody was purchased from Abcam (Cambridge, MA). The EGFR-specific tyrosine kinase inhibitor (TKI; Cyclopropanecarboxylic acid-(3-(6-(3-trifluoromethyl-phenylamino)-pyrimidin-4-ylamino)-phenyl)-amide) was purchased from Calbiochem (USA).

Cell Lines {#s4c}
----------

The MDA-MB-231, SK-BR-3, MDA-MB-435, MDA-MB-468, BT-474, DLD-1, A-549, MIA-PaCa-2 and SK-N-MC cell lines were obtained from the American Type Culture Collection (ATCC, Manassas, VA) and cultured according to ATCC guidelines. The Hep-G2 and HCT-116 cell lines were generously provided by Dr. Arthur Cederbaum and Dr. Stuart Aaronson, respectively, of the Mount Sinai School of Medicine, NY, were originally from the ATCC and cultured according to ATCC guidelines. The NR6 cells were generously provided by Dr. Alan Wells of the University of Pittsburgh, PA and cultured in MEM-α supplemented with non-essential amino acids, 7.5% FBS and antibiotics (penicillin/streptomycin) [@pone.0049702-Chen1]. The human mammary epithelial cell (HMEC) lines were established and generously provided by Dr. Martha Stampfer of Lawrence Berkley National Laboratory, CA [@pone.0049702-Human1], [@pone.0049702-Garbe1]. As described previously [@pone.0049702-Hammond1], [@pone.0049702-Stampfer1], [@pone.0049702-Stampfer2], HMEC lines were cultured in 50% mammalian epithelial growth medium (MEGM, Lonza, Allendale, NJ) and 50% DMEM/F12 medium with various supplements at 37°C and 5% CO~2~. MEGM was supplemented with bullet kit (50%, Lonza, Allendale, NJ) containing transferring, isoproterenol and glutamine. DMEM/F12 media was supplemented with insulin, tri-iodothyronine, β-estradiol, hydrocortisone, fetal calf serum, EGF, glutamine and cholera toxin.

Cell Viability Assay {#s4d}
--------------------

Cells were plated into a 96-well plate (5,000 to 10,000 cells per well) in full growth media. The following day, media is exchanged for serum starved media (0.1% BSA in growth media without FBS) and incubated overnight. Cells were treated for 24 hours with peptides at varying concentrations range (0.78 to 200 µM). The cell viability is read using luminescent cell viability dye (CellTiter-Glo, Promega Corporation, USA) by adding 20 µL of dye to each well containing 100 µL of treated media. The cell viability is calculated by dividing each luminescent reading by the average of the luminescent readings for control, untreated cells. Assays are run in triplicate. Dose-response curves were generated and fitted in Prism 5.0 (GraphPad Software, Inc., USA). The EC~50~ values were generated using the log inhibitor-normalized response variable slope function (Y = 100/(1+10∧((LogEC~50~-X)\*HillSlope)). EC~50~ values are shown with standard deviation values (S.D.) from at least three independent experiments. For comparison of MDA-MB-231 with HMEC, the cells were not serum starved and plated and treated in HMEC media.

Fluorescent Confocal Microscopy {#s4e}
-------------------------------

MDA-MB-231 cells (1×10^5^ cells per plate) were plated on 35 mm glass-bottom plates (MatTek Corporation, Ashland, MA), allowed to adhere overnight, then serum starved overnight and analyzed the following day in HBSS (Hank's balanced salt solution). For real-time uptake of the FAM-labeled peptides, after recording background images, the FAM-labeled peptides were added and cells were imaged every two minutes over approximately 30 minutes. After 30 minutes, images were taken less frequently. Images from representative timepoints are shown. For overnight treatment, the cells were treated in serum-starved media, exchanged into HBSS the following day and imaged.

Colony Formation in Soft Agar {#s4f}
-----------------------------

Cells (1×10^5^ to 2×10^5^ per plate) were suspended in soft agar containing 5% serum and dosed with vehicle, Tat peptide or the TE-64562 peptide and allowed to grow for 2 to 3 weeks with periodic dosing to keep the dosing media fresh and the agar hydrated. Viable colonies were stained with iodonitrotetrazolium chloride at 0.5 mg/mL overnight. Colonies larger than 0.3 mm in each field were manually scored using a light microscope.

Apoptosis Assays {#s4g}
----------------

MDA-MB-231 cells were plated in 10 cm dishes, grown to 80% confluence and serum starved overnight. The TE-64562 peptide was added to at the indicated concentrations and incubated at 37°C for 18 hours (overnight). Cells were collected by trypsination, washed and suspended in binding buffer and stained according the manufacturer's protocol (BD Biosciences, Annexin-V-FITC Apoptosis detection kit). Cells were analyzed on a FACscan instrument using BD Biosciences (USA) CellQuest software. For caspase-3 cleavage, treated cells were lysed using RIPA and analyzed by SDS-PAGE followed by Western blotting using an antibody specific for cleaved caspase-3 (Cell Signaling Technology, Danvers, MA).

MDA-MB-231 Xenografts in Nude Mice {#s4h}
----------------------------------

NCR-nude female athymic mice were purchased from Taconic Farms, Inc. Mice were injected in the flank region with 1.5×10^6^ MDA-MB-231 cells, while anesthetized with ketamine and xylazine. Prior to treatment, tumors were measured in three dimensions using a caliper and tumor volume was calculated by multiplying the three measured dimensions by 0.5 (V = 0.5\*l\*w\*h). Once the tumors reached a minimum size of 100 mm^3^, mice were injected intraperitoneally, twice a week, with 200 µL of the TE-64562 peptide (40 mg/kg; 7 µmol/kg), Tat peptide in PBS (20 mg/kg; 7 µmol/kg) or PBS. Endpoints were defined as the tumor size reaching 2000 mm^3^ or 20 mm in any dimension, significant weight loss occurring or if the mouse appearing unhealthy according to body conditioning scoring standards. For histological analysis, organs were collected post-sacrifice and fixed in 4% formaldehyde in PBS, followed by paraffin embedding. Sections (6 µm thick) were mounted onto positively charged slides and H&E stained. Images were captured at 20× resolution on a Zeiss Axioplan 2 microscope.

EGFR-peptide Biotin-binding Assay {#s4i}
---------------------------------

The EGFR constructs (ICD 645--998; ΔJMA 663--998; ΔJM 677--998) were obtained from the laboratory of Dr. Graham Carpenter of Vanderbilt University and described previously [@pone.0049702-Thiel1]. SK-N-MC cells were plated in 10-cm dishes, grown to 90% confluence, transfected with the indicated EGFR construct using Lipofectamine 2000 (Invitrogen, USA) for 6 hours and serum starved overnight. The cells were treated with the biotinylated peptides for 2 hours, washed with phosphate buffer containing 500 mM NaCl pH 7.4, and then lysed by sonication in immunoprecipitation buffer (50 mM Hepes pH 7.4, 150 mM NaCl, 0.1% Tween-20, 10% glycerol, 1 mM EDTA, 1 mM DTT, 0.1 mM PMSF and protease inhibitor cocktail (Halt, Thermo Scientific, USA). The lysates were incubated with pre-washed, streptavidin-coated beads overnight at 4°C with rotation. For the reverse experiment, biotinylated peptides were incubated with streptavidin-coated beads for 2 hours at 4°C with rotation and washed. Transfected SK-N-MC cells were lysed, as above and incubated with the peptide-conjugated beads overnight at 4°C with rotation. The resulting bead-precipitates were washed and analyzed by Western blot with the indicated antibodies following standard procedures and visualized by chemiluminescence.

Cell Treatment and Lysate Collection for Western Blot Analysis {#s4j}
--------------------------------------------------------------

Cells were plated in 10-cm dishes, grown to 80% confluence, serum starved overnight, treated and analyzed. For dose response assays, the peptides, EGFR-specific tyrosine kinase inhibitor (TKI) or control was added to each plate and incubated at 37°C for 30 minutes, followed by EGF (10 ng/mL) for an additional 10 minutes at 37°C. For timecourses, TE-64562 and/or EGF were added and the cells were incubated at 37°C for the indicated amounts of time. For EGFR dimer detection, cells were cross-linked after treatment using BS^3^ crosslinker (bis\[sulfosuccinimidyl\] suberate, Thermo scientific, Inc) according to the manufacturer's instructions. Immediately following treatment, cells were put on ice, washed twice with cold Tris-buffered saline (TBS, pH 7.4) and lysed with radio-immunoprecipitation buffer (50 mM Tris pH 7.5, 100 mM NaCl, 1% NP-40, 0.5% deoxycholate, 0.1% SDS, 1 mM EDTA and protease inhibitor cocktail). After protein concentration determination, cell lysates were analyzed by Western blot analysis with the indicated antibodies following standard procedures and visualized by chemiluminescence. Images were quantified using ImageJ Version 1.43 u.

Immunofluorescent and Western Blot Analysis of Tumor Tissue {#s4k}
-----------------------------------------------------------

Nude mice bearing subcutaneous, MDA-MB-231 xenographic tumors were injected with the TE-64562 peptide (40 mg/kg; 7 µmol/kg), Tat-peptide (20 mg/kg; 7 µmol/kg) or vehicle (saline), intraperitoneally for four days, once per day. On the last day, the mice were injected 30 minutes prior to extracting the tumor. For immunostaining, resected tumors were snap-frozen in isopentane submerged in liquid nitrogen and sectioned onto positive slides. Unstained frozen sections were fixed for 15 minutes in ice-cold acetone, dried, rehydrated in PBS and blocked in TBS containing 1% BSA, 10% goat serum and goat anti-mouse FAb (Jackson Immunoresearch, West Grove, PA) for 1 hour, followed by overnight (4°C) incubation with primary antibodies for phospho-Akt or phospho-Erk. After washing, Alexafluor 568-Goat anti-rabbit secondary antibodies (Invitrogen, USA) were incubated with the tissue for 1 hour at RT, followed by DAPI (Hoescht 33342, Molecular Probes, USA) staining. Staining was visualized using an Olympus MVX10 Macroview microscope with a 2X Apochromat lens with 5× zoom. Images were constructed into a montage using fluorescent tiling in the Olympus MicroSuite Biological Suite software.

For Western blot analysis, a 2 to 3 mm cross-sectional slice of the tumor was lysed in RIPA buffer by sonication and the resulting lysates were analyzed by Western blot following standard methods. Since samples contained both mouse and human tissue and cells, connective tissue and blood samples were taken from the mouse for comparison. The mouse samples have a high amount of total Erk (p44) and a negligible amount of basal phospho-Erk. In order to compare the level of phospho-Erk to the human tissue, the phospho-signal was normalized to a human tissue marker (human mitochondria).

TCGA Data Analysis {#s4l}
------------------

We utilized protein expression level data provided through the TCGA for breast invasive carcinoma (BRCA) for total EGFR (antibody reference: EGFR-R-C) and phospho-EGFR (antibody reference: EGFR_pY1173-R-C) for 354 individuals. The values were normalized across the population such that the average is zero and the standard deviation is one for both the total and phosphor-EGFR expression. Two sets were obtained by separating individuals that had a normalized total EGFR level more than one standard deviation above the average but a normalized phosphor-EGFR level below one standard deviation above the average (20). Two individuals that had total EGFR levels more than 6.62 and 5.67 standard deviations away from the average level were excluded to give a remaining set of 320.

Statistics {#s4m}
----------

Plots and statistics were generated using Prism 5.0 (GraphPad Software, Inc.). Unless otherwise indicated, one-tailed, nonparametric Mann-Whitney tests (95% confidence interval) were used to determine if the mean values for each treatment condition were significantly different from control groups. P values are reported for each analysis in the figure legends, P values of 0.05 (or less) were considered significant.

Supporting Information {#s5}
======================

###### 

**FAM-TE-66482 and FAM-Tat do not enter MDA-MB-231 cells. FAM-TE-64562 enters in SK-N-MC cells without any effect of EGF pretreatment.** Confocal images of overnight serum starved MDA-MB-231 cells before treatment (0 min) and treated for 90 minutes (**A**) with 5.0 µM FAM-TE-66482, (**B**) with 1.25 µM FAM-Tat or (C) with 2.5 µM FAM-Tat for 60 minutes. (**D**) SK-N-MC were serum starved overnight and treated with FAM-TE-64562 (1.5 µM) for 16 minutes. (**E**) NR6 cells MC were serum starved overnight and treated with FAM-TE-64562 (5 µM) for 20 minutes. All scale bars are 20 µm.

(TIF)

###### 

Click here for additional data file.

###### 

**Effect of TE-64562 on cell viability of different human cancer cell lines in the presence of 2.5% serum and RT-PCR for ERBB levels.** (**A**) The indicated cell line was serum starved overnight and treated with TE-64562 for 24 hours with varying concentrations (0.78 to 200 µM) of the peptide. Cell viability is measured as the percentage of viable cells after peptide treatment compared to untreated cells. Dose-response curves were generated and fitted in Prism 5.0 (GraphPad Software, Inc., USA). Error bars represent standard error from the mean of one experiment run in triplicate. Data are representative of at least two independent experiments. (**B**) RT-PCR of a selection of human cancer cell lines confirming the literature reports of ERBB expression levels. GAPDH was used as a house-keeping gene and all data were normalized to ERBB1, ERBB2, ERBB3 or ERBB4 expression in the MDA-MB-231 cell line. Data represent duplicate measurements from one experiment with error bars showing the standard deviation from the mean.

(TIF)

###### 

Click here for additional data file.

###### 

**Microscopy images and flow cytometry plots of MDA-MB-231 cells treated with TE-64562.** (**A**) MDA-MB-231 breast cancer cells were serum starved overnight then treated with 0 (control), 10 or 20 µM TE-64562 for 0.25, 0.5, 1, 3 or 24 hours and imaged. (**B**) MDA-MB-231 breast cancer cells were serum starved overnight then treated with 0 (control), 6 or 12 µM TE-64562 for 18 hours. Cells were stained with Annexin-V (Anx-V) and propidium iodide (PI). Staining is as follows: unstained viable cells (lower left quadrant; PI staining of non-viable cells (upper left quadrant); Anx-V plus PI staining of fully apoptotic and necrotic cells (upper right quadrant); Anx-V staining of apoptotic cells (lower right quadrant). The numbers in each quadrant represent the percentage of events/cells gated in each quadrant. Plots are representative of four experiments.

(TIF)

###### 

Click here for additional data file.

###### 

**Effects of TE-64562 on MDA-MB-231 xenograft tumors.** MDA-MB-231 xenograft tumors were grown in the subcutaneous flank region of nude mice. Treatments were commenced when tumors reached a size\>100 mm^3^. (**A**) Mice were treated bi-weekly with the TE-64562 peptide (40 mg/kg; 7 µmol/kg), Tat peptide (20 mg/kg; 7 µmol/kg) or vehicle (saline), intraperitoneally. (**B**) Mice were treated as in (*A*) but with subcutaneous administration, proximal to the tumor site. Tumor size, measured bi-weekly, is plotted over time as an average for each treatment group. (**C**) Several H&E stained tumor slices from mice treated intraperitoneally for 17 days with TE-64562 or Saline and for 21 days with Tat, at the concentrations indicated above in (*A*). H&E images of tumors from mice treated for 14 to 52 days were (Tat, N = 6; Saline N = 8; TE-64562 N = 14) were quantified for the amount of viable tumor and necrotic/dead tissue and the averages ± S.D. are shown.

(TIF)

###### 

Click here for additional data file.

###### 

**The effect of TE-64562 on EGFR phosphorylation.** (**A--B**) Serum starved MDA-MB-231 cells were treated with the indicated concentration of TE-64562 or TKI for 30 minutes, followed by 10 ng/mL EGF for 10 minutes. (**A**) Phospho-EGFR (Y992) or (**B**) phospho-EGFR (Y1086) was analyzed by Western blot. (**C**) Cells were treated with 10 µM of TE-64562 or TKI for the 60 or 30 minutes, followed by 25 ng/mL EGF for 10 minutes. Phospho-EGFR (Y1045 and Y1173) was analyzed by Western blot. (**D**) Cells were treated with 20 µM of TE-64562 or 5 µM TKI for the indicated amounts of time, followed by 10 ng/mL EGF for 10 minutes. Phospho-EGFR (Y1068) was analyzed by Western blot. Data are representative of at least two experiments.

(TIF)

###### 

Click here for additional data file.

###### 

**Inhibition of p-Akt (S473) pAkt (T308) and p-Erk by TE-64562 in MDA-MB-231 cells and the inhibition of Akt and activation of JNK and p38 in MIA-PaCa-2 cells.** Serum starved MDA-MB-231 cells (A--E) or MIA-PaCa-2 cells (F) were treated with the indicated concentration of TE-64562, Tat (20.0 µM) or TKI (2.0 µM) for 30 minutes, followed by EGF for 10 minutes. (A--E) The presence of phospho-Akt (T308 or S473) and phospho-Erk (T202/T204) were analyzed by Western blot. (F) Serum starved MIA-PaCa-2 cells were analyzed for the presence of phospho-Akt (S473), phospho-Erk (T202/T204), phospho-JNK and phospho-p38 were analyzed by Western blot. MIA-PaCa-2 blots are representative of one of two independent experiments. Blots were stripped and re-probed with α-tubulin.

(TIF)

###### 

Click here for additional data file.
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